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Abstract
Carbon quantum dots (CQDs) are novel nanomaterials with interesting physical and chemical properties, which are
intensely studied only in the last decade. Unique properties, such as its inherent ﬂuorescent property, high resistance to
photobleaching, high surface area, ease of synthesis, ﬂexible choice of precursor, and surface tunability enable CQDs for
promising application in biosensing. Therefore, it is highly useful in clinical, forensic, medical, food and drug analyses,
disease diagnosis, and various other ﬁelds of biosensing. In addition, their ﬂuorescence properties are tunable by the
interaction with certain molecules via different mechanisms, which enables their application for sensing of those
molecules, such as pesticides and antibiotics. The detection of antibiotics and pesticides is especially important as they
are commonly used in both the medical and agricultural ﬁelds and can affect both humans and their environment.
However, these molecules do not have a speciﬁc recognition element unlike for antibodies, proteins, enzymes, and other
biomarkers. Thus, the ﬂuorescence quenching mechanism alone cannot be applied as a sensing mechanism for the
CQDs-based sensing of pesticides and antibiotics. In this review, we discuss the application of various CQDs, in the
detection of antibiotics, pesticides (herbicide, fungicide, insecticide), and other medicinal drugs through various
detection strategies and their current limitations.
Keywords: Carbon quantum dots, Fluorescence, Sensors, Agricultural chemicals, Medicinal drugs, Environment

1. Introduction

C

arbon quantum dots (CQDs) or carbon dots
(CDs) are zero-dimensional (<10 nm) carbon-based nanomaterials that emerged in the last
decade, known for their small size and strong and
tunable catalysis and ﬂuorescence characteristics
[1]. CQDs are generally described as monodisperse quasi-spherical nanoparticles with
multilayered graphene core structure and a large
amount of oxygen- and/or nitrogen-containing
functional groups on the surface [1,2]. CQDs have
commonly been classiﬁed, based on their internal
and surface structures, into graphene quantum
dots (GQDs; consist of one to few layers of

graphene with wider lateral dimension), carbon
nanodots (CNDs; consist of several graphene
layers embedded in sp3 structure), and polymer
dots (PDs; mainly polymeric structure without a
crystalline core), each with their own characteristics [3]. Regardless of their classiﬁcation, the
chemical and physical properties of CQDs are
highly dependent on the precursors as well as
conditions for the preparation. A variety of
treatments to the precursors during the synthesis
of CQDs and modiﬁcation of CQDs tune and
grant the CQDs desired properties for different
applications such as anti-pathogen, drug delivery,
photocatalysis, and biosensing/bioimaging [4‒7].
In particular, CQDs have attracted great attention
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in biosensing due to their unique ﬂuorescent and
electrochemical properties [4]. This allows CQDs
to be a potential alternative to traditional organic
ﬂuorescent dyes and semiconductor quantum
dots (QDs) as a result of less biohazard [4e7].
The ease of preparation and modiﬁcation of CQDs
offers advantages not only in ﬁne-tuning of their
electronic and optical properties but also mediation
of the interaction between CQDs and analytes
leading to ﬂuorescence quenching or enhancement.
Due to the diverse surface structure of CQDs, they
are known to be able to interact with many compounds and biomolecules via a variety of intermolecular interactions [8‒11]. Examples include
oligonucleotides (electrostatic, hydrogen bonding,
and p-p stacking interaction), proteins (electrostatic,
hydrogen bonding, and hydrophobic interaction),
and metal ions (hard-soft acid-base (HSAB) interactions). In addition, different types of CQDs
respond to these molecules in different ways
allowing for multiple sensing strategies, such as
ﬂuorescent quenching, the shift in the emission
wavelength, and change in enzymatic activity.
Drug analysis and detection is an essential ﬁeld of
research due to the importance of monitoring drug
concentration and their metabolites. Other than
medicinal drugs, the detection of antibiotics and
pesticides is especially imperative as they are
commonly used in both medicine and agriculture
and highly affect humans and the environment.
Moreover, antibiotics detection is of special concern
since it is used intensively in both medicinal and
agricultural settings. Monitoring excessive antibiotic
use whether in patients, animals or environment
can be signiﬁcant to understand and monitor the
appearance of antibiotic resistance bacteria prevalent in the region [12‒14]. It is not only antibiotic
abuse in human medical settings that cause the
development of drug resistance in bacteria, veterinary abuse of antibiotics is also a major derivation.
Some even estimated that 80% of total antibiotics
sold in the US are for veterinary use including those
preemptively used on farm animals and live stocks
[14]. Inherent toxicity of the antibiotics can also be a
serious environmental hazard as several antibiotics
are known to disrupt plant protein synthesis [14].
Screening for pesticides (including fungicide,
insecticide, and herbicide) in the environment or on
food products are also extremely crucial for human
health, as consumption of pesticides can lead to or
risk serious issues such as acute pesticide poisoning,
Parkinson's disease, Alzheimer's disease, increase
attention deﬁcit hyperactivity disorder (ADHD) for
children [15‒17]. Traditional methods of detection

such as cell culturing, gas chromatography (GC),
and high-performance liquid chromatography
(HPLC) require expensive and sophisticated
instrumentation, complicated sample preparation
processes, and tedious detection time [18]. CQDs,
with their unique optical and catalytic characteristics, offers a promising approach for simple and
rapid detection. In this review, we will go through
the recent development of CQDs-based detection of
various drugs namely, antibiotics, pesticides, and
other medicinal drugs.
The structural diversity of CQDs gives rise to the
complex and unique ﬂuorescence property of the
CQDs. Most researches consider the carbon-core
states, surface defect states, and molecular states to
be the main contributor to the intricate ﬂuorescent
property of CQDs [19,20]. The carbon-core states are
the result of the separation of the valence and conduction band of the p-domain, mainly from the
graphene core. The surface defect states caused by
various surface functional groups are considered to
be the main ﬂuorescence mechanism of most CQDs.
This multiple functional group combination leads to
complex radiative relaxation, multicolor emissions,
and excitation dependent emission. In addition, the
heteroatomic doping (such as N, S, and B) are
known to improve radiative recombination, and
thus higher quantum yield of the surface defect
states [21]. Fluorescent molecular states result from
the ﬂuorophores or chromophores on the surface of
CQDs. The molecular states behave similar to
organic dyes, which tend to produce sharp and
intense ﬂuorescence with high quantum yield, but
poor photobleaching resistance. Three ﬂuorescence
states (carbon-core, surface defect, and molecular
states) mutually affect each other to cause a very
complex ﬂuorescent property in most of CQDs.
Speciﬁc interaction of CQDs with many molecules, such as DNA, proteins, metal ions can cause
quenching of ﬂuorescence which can be utilized for
the detection of analytes [4e7]. Static quenching is a
possible quenching mechanism for CQDs upon
interaction with the analytes. It occurs through the
formation of a new ground state of analyteCQDs
complex after strong bonding interaction between
them [22]. The ﬂuorescence of the CQDs can also be
quenched through dynamic collision with the
quencher after the CQDs have been excited, causing
non-radiative energy transfer [22]. Photoinduced
electron transfer (PET) can also occur between the
CQDs and analyte [22]. Electron rich/poor CQDs
interact with analyte and may cause an electron
jump from one structure to another. As a result, the
electrons are unable to traverse its original path
(electron dropped from the lowest unoccupied

molecular orbital (LUMO) to the highest occupied
molecular orbital (HOMO) of the CQDs) and are
forced to traverse a new path. Depending on the
direction of the electron transfer process, PET can
be classiﬁed into oxidative electron transfer (CQDs
acts as the electron donor) and reductive electron
transfer (CQDs acts as the electron acceptor). For
oxidative electron transfer, the electron tends to
move from the LUMO of the CQDs to the LUMO of
the quencher, for reductive electron transfer from
the LUMO of quencher to the HOMO of the CQDs,
either cases usually resulting in decreased ﬂuorescence [23]. However, it is not only a contact-based
quenching mechanism that was used in the detection of analytes. Other noncontact mechanisms such
as the inner ﬁlter effect (IFE), ﬂuorescence and
chemiluminescence resonance energy transfer
(FRET and CRET) can also be used in the detection
of many analytes (Scheme 1). In addition, enzymes
can also be incorporated into the detection platform
to achieve greater speciﬁcity than just from CQDs
alone (Scheme 2).
CQDs provide distinct advantages as sensing
probes on grounds of their unique ﬂuorescent and
electrochemical properties, ease of synthesis, and
wide range of customization. In the past decade,
CQDs based sensors have seen much development
and several review articles have been written on the
advantages and advances of CQDs as sensing
probes [11,24,25]. However, such review articles
have a more general focus, and none are focused
solely on the recent development in the detection of
medicinal and agricultural chemicals. In this review
we will be focused mainly on the detection of antibiotics and pesticides, the two most commonly used
medicinal and agricultural chemicals.

2. Detection of antibiotics
Antibiotics are widely used in human and veterinary medicine to combat bacteria. Tetracycline (TC)
are commonly used in animal husbandry and
aquaculture, due to their low cost and high efﬁciency. However, the presence of antibiotics in food
grains, vegetables, milk, and surface water have
posed a threat to human health. Intake of tetracycline can develop bacterial drug resistance and
adverse health effects such as renal toxicity and
intolerance. Therefore, the detection of residual
antibiotics in meat, dairy, and other food products is
imperative. Colorimetric, ﬂuorescent, and electrochemical methods, HPLC, and surface-enhanced
Raman scattering are widely used for the detection
of antibiotics in recent decades [26‒29]. However,
these methods are time-consuming with tedious
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sample pre-treatment procedures and require sophisticated instruments. Semiconductor QDs,
metaleorganic frameworks, gold nanoclusters, and
other inorganic phosphors with stable and strong
emission properties have also been used for
detecting antibiotics. However, they do have some
limitations due to the poor water solubility, heavy
metal pollution, and in some cases the photobleaching of the organic dyes. Therefore, recently,
research interest has been shifted toward CQDs due
to their exceptional properties as mentioned above.
The ﬂuorescence behavior of CQDs and the
ﬂuorescence response upon binding to antibiotics
are used to monitor the presence of antibiotics and
to distinguish them. The speciﬁcity of ﬂuorescence
patterns for a particular antibiotic when it interacts
with CQDs has been used for their detection [30].
CQDs upon interaction with antibiotics results in
the enhancement or quenching of ﬂuorescence [31].
Qian et al. have reported the use of near-infrared
emissive CQDs for the detection of TC and quinolones [32]. In the presence of these antibiotics, the
ﬂuorescence of near-infrared emissive CQDs is
highly depressed due to IFE. This quenching of
ﬂuorescence of the CQDs allows for the quantiﬁcation of antibiotics, with a limit of detection (LOD)
of 0.5 nM for oxytetracycline and 6.3 nM for norﬂoxacin. Whereas, aptamer modiﬁed gold nanoparticles (Au NPs) quench the ﬂuorescence of CQDs
in NaCl medium through IFE, however, the ﬂuorescence of the CQDs is recovered in the presence of
kanamycin through speciﬁc aptamerekanamycin
interaction, leading to the aggregation of Au NPs
[33].
Doping of CQDs with heteroatoms provides more
active sites for the easy functionalization of CQDs,
and the properties and reactivity of CQDs can be
tuned for enhancing the sensing of antibiotics [34‒
37]. For example, the pyrolysis of glutamic acid
produces N-doped CQDs (NCDs), without the use
of any external doping agent [38]. The decomposition of glutamic acid forms carbon- and nitrogenbased residues which simultaneously construct
NCDs. The NCDs with an average size of 4.6 nm,
show excitation-dependent ﬂuorescence, and are
employed for the detection of a widely used antibacterial drug, amoxicillin. The ﬂuorescence intensity of NCDs is enhanced and broadened in the
presence of amoxicillin, with a signiﬁcant blue shift.
The non-radiative transition is decreased due to the
adsorption of amoxicillin on the NCDs’ surface,
which decreases the energy transfer between the
NCDs. Also, due to the binding of the drug on the
NCDs, the surface defects of NCDs are diminished
which in turn enhances the ﬂuorescence intensity
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[38]. In the presence of metal ions, the addition of
antibiotics to CQDs may result in the quenching of
ﬂuorescence or in the recovery of ﬂuorescence in
different degrees, which can be used as a transduction mechanism for detection of antibiotics [39].
CQDs from citric acid formamide (size~2.8 nm)
could detect oxytetracycline, down to 60 nM. The
CQDs with abundant eNH2 and eCOOH groups on
their surface form chelating complexes with metal
ions (Cu2þ, Ce3þ, and Eu3þ). However, in the presence of antibiotics, which also contain eOH, eC]O
and eCOOH groups, compete for the interaction
with the metal ions to form complexes, which affects
the ﬂuorescence of CQDs. This method has been
proved to be efﬁcient for the detection of antibiotics
in shrimp and ﬁsh samples. Also, CQDs prepared
from citric acid and urea, and modiﬁed with piperazine has been employed in the detection of
oxytetracycline (Fig. 1) [40]. The ﬂuorescent CQD
showed a prominent redshift upon combining with
oxytetracycline, which is explained due to the FRET
between the CQDs and oxytetracycline. Enhancement in ﬂuorescence intensity has been reported to
be dependent on the pH and the concentration of
oxytetracycline, however, no emission peak shift
was reported upon increasing the concentration of
oxytetracycline, which reveals that the ﬂuorescence
is due to the interaction of oxytetracycline with
piperazine on the surface of the CQDs.
Various types of CQDs have been used for the
detection of tetracycline by IFE [41]. CQD-based
dual and quadruple-channel ﬂuorescence sensing
array could detect and distinguish various
tetracyclineechlortetracycline,
oxytetracycline,
tetracycline, and doxycycline [42,43]. Blue-emitting
CQDs (B-CDs; ~3 nm) prepared hydrothermally
from citric acid and ethylenediamine, and greenemitting CQDs (G-CDs) prepared by microwave
method from citric acid and urea (~16 nm) were
reported as efﬁcient sensing elements. Fluorescence
quenching of the CQDs occurs in the presence of
tetracycline, however, without an emissive wavelength shift, due to IFE and each tetracycline could
exhibit distinct variation in ﬂuorescence intensity,
allowing the differentiation of different tetracycline.
However, a two-channel array having only the GCDs and B-CDs could not completely distinguish
the four tetracyclines. Upon mixing the two CQDs
(m-CDs), the m-CDs show the same absorption
bands as the individual CQDs, but with enhanced
values equal to the sum of the absorption values of
B-CDs and G-CDs and could differentiate individual tetracyclines. Chlortetracycline could also be
detected down to 3.30 nM with CQDs prepared
from p-phenylenediamine and acetic acid by

hydrothermal method, with size 2.4 nm emitting
orange-red ﬂuorescence [44]. Upon reacting with
chlortetracycline, the CQDs show enhanced ﬂuorescence, with a blue shift in ethanol medium,
which may be due to aggregation-induced emission
(AIE). However, in the presence of water, ﬂuorescence quenching occurs due to depolymerizationinduced annihilation, and is proportional to the
concentration of water and the detection limit for
chlortetracycline was 32.9 mM. Thus, in addition to
the detection of chlortetracycline, these CQDs may
be employed to detect water content in organic
solvents, which play a critical role in chemical reactions [44]. Europium-doped CQDs (Eu-CQDs)
with high stability and blue-ﬂuorescence are effective in the selective detection of tetracycline in water
samples with a LOD of 0.3 mM [45]. In the presence
of tetracycline, the ﬂuorescence of Eu-CQDs is
quenched due to IFE between tetracycline and EuCQDs.
Fluorescence turn-on mechanism can also be used
for the detection of antibiotics. The CQDs prepared
from p-dihydroxybenzene and hydrazine hydrate
by a hydrothermal treatment has been employed for
the detection of ampicillin [31]. The blue ﬂuorescence of CQDs is selectively quenched in the presence of Fe3þ ions due to the metaleligand
coordination and electrostatic interaction between
the functional groups on CQDs and Fe3þ. However,
in the presence of ampicillin, under 365 nm UV
irradiation, the non-ﬂuorescent CQDeFe3þ complex
display selective turn-on ﬂuorescence with a LOD of
0.70 mM for ampicillin. This CQDs can be also
applied to detect tetracyclines due to the ﬂuorescence quenching mechanism of the CQDs through
pep interaction and electron transfer. The ratiometric sensing mechanism is an efﬁcient strategy for
improving the reliability of the sensor. CQDs with
dual emission properties have been reported for the
detection of penicillin G in milk samples [46]. Blue
and yellow emissive CQDs with molecularly
imprinted receptors interact with penicillin G, the
yellow emission is quenched due to blocking by the
analyte (penicillin G), while the blue emission remains constant, enabling a radiometric readout.
In addition to CQDs prepared from various
chemical sources, the CQDs prepared from natural
sources are also found to be highly stable and
effective in the detection of harmful antibiotics [47‒
49]. Wang et al. reported the selective detection of
amoxicillin with CQDs (4e8 nm) synthesized from
beet using a hydrothermal method, without any
additional agents [47]. The CQDs exhibit an excitation-dependent emission, with a redshift from
438 nm to 456 nm, as the excitation wavelength
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Fig. 1. (A) Schematic illustration of the synthesis of piperizine modiﬁed CQDs (P-CQDs) for visual detection of oxytetracycline. (B) Normalized
ﬂuorescence emission spectra and (C) photographs of P-CQDs with increasing concentrations of oxytetracycline. Reproduced with permission from
Ref. [40].

changes from 340 to 400 nm. Also, as the excitation
wavelength is longer, the emission peaks ﬁrst
become strong and then weak, which may be due to
the signiﬁcant emissive traps distributed on the
CQDs. The ﬂuorescence of CQDs is enhanced when
it interacts with amoxicillin with only very minor
ﬂuctuations in the presence of other interfering
compounds such as glucose, sucrose, tryptophan,
ascorbic acid, aspartic acid, L-cysteine, NaF,
Ca(NO3)2 and KBr. The CQDs prepared from beet
with a size of 6 nm can also be used for the detection
of norﬂoxacin [48]. The CQDs with high stability
and an excitation dependent ﬂuorescence, when
bound with norﬂoxacin, enhances the ﬂuorescence
of CQDs, and the lower LOD for the antibiotic was
found to be 0.937 mM. Nitrogen-doped CQDs
(NCQDs) prepared from durian shell waste with
Tris base as a doping agent, by a hydrothermal
method is reported to be highly selective toward the
detection of tetracycline with a LOD of 75 nM [49].
The quasi-spherical NCQDs with size ~6.5 nm and
quantum yield of 12.93% with blue ﬂuorescence are
stable under a wide pH range (3e11) and withstand
photobleaching, however, affected by temperature.
In the presence of tetracycline, ﬂuorescence
quenching of the NCDs occurs due to IFE. Recently,
Guo et al. have reported the detection of tetracycline
using ﬂuorescent CQDs obtained by the thermal
cracking of crab shell waste [50]. With an average
size of 10 nm and 30% ﬂuorescent quantum yield,
the highly stable CQDs could detect tetracycline
with a LOD 5 mg L1.

In summary, ﬂuorescent CQDs from various
sources are found to be effective in the detection of
antibiotics in various food materials. Table 1 lists the
various CQDs used for the detection of antibiotics
and their sensing mechanism. Though the strategy
for the detection of antibiotics is based on the ﬂuorescence ‘turn on’ or ‘turn off’ mechanism, which is
a simple method, the selectivity of CQDs for a
particular antibiotic narrows its usage. The selectivity of the CQDs-based sensing of antibiotics with
similar structures and properties must be studied
further. Also, the presence of other ﬂuorescence
quenching agents in the sample could tamper the
result. Therefore, the speciﬁc interaction between
CQDs and antibiotics must be investigated in detail
for fabricating efﬁcient antibiotic sensors.

3. Detection of pesticides
The main challenge in the detection of pesticides
is the difﬁculty in ﬁnding natural or synthetic receptors or recognition elements. Most of the rapid
detection of pesticides is achieved by monitoring
their enzyme inhibition activity, however, a variety
of pesticides can inhibit a particular enzyme leading
to poor selectivity. However, with the recent development in 0-D nanomaterials, the interactions of
pesticides with ﬂuorescent CQDs have been reported to inﬂuence the ﬂuorescence intensity
depending upon the nature of interaction [51‒55],
which can be utilized as a transduction mechanism.
Interaction of pesticides with CQDs leading to the
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Table 1. Type of CQDs, sensing mechanisms, and detection limits of various antibiotics.
Method of preparation

Size and quantum Antibiotics
yield

Detection mechanism

Limit of
detection

Ref

p-dihydroxybenzene and CQDs in the
hydrazine hydrate
presence of Fe3þ

Hydrothermal

2.8 nm 0.59%

Ampicillin

0.70 mM

[31]

Glutathione and
polyethylenimine
Citric acid
Rice residue

Solvothermal method

4 nm 17.1%

0.5 nM 6.3 nM [32]

<10 nm 80%

Oxytetracycline
and norﬂoxacin
Kanamycin
Tetracycline,
terramycin,
chlortetracycline
Oxytetracycline

Binding of Fe3þ to ampicillin
through electrostatic interaction and
metaleligand coordination enhancing
the ﬂuorescence
Inner ﬁlter effect
Inner ﬁlter effect
Interaction between CQD and
antibiotic resulting in quenching
of ﬂuorescence
Chemiluminescence

18 nM
0.2367 mM,
0.3739 mM,
0.2791 mM
25 nM

[35]

4e5 nm 14.26%

Oﬂoxacin

0.05 mM

[36]

6.5 ± 0.5 nm
28.11%
4.6 nm 28%

Tetracycline

Synergy of hydrogen bonding
interactions between cyclodextrin cavity
and the antibiotic and charge transfer
between N, Zn CQDs and the antibiotic
Static quenching and inner ﬁlter effect

15.6 nM

[37]

Amoxicillin

e

[38]

0.06 mM

[39]

e

[40]

0.30 mM

[43]

e

e
Hydrothermal
Nitrogen-doped CQD Hydrothermal

Fungus ﬁber

Solid-phase
hydrothermal method
Microwave digestion

[33]
[34]

Glutamic acid

Nitrogen, sulfur dual Hydrothermal
doped CQD
Nitrogen-doped CQD One step pyrolysis

Citric acid formamide

e

Microwave-assisted
solvothermal method

2.8 nm

Oxytetracycline

Citric acid and urea

Piperizine modiﬁedCQD
e

Hydrothermal

25.06 ± 6.51 nm

Oxytetracycline

Interaction between CQDs and amoxicillin
showing enhanced ﬂuorescence
Multi-channel sensing based on
competing interaction of metal ions with
CQDs and antibiotics
Fluorescence resonance energy transfer

Hydrothermal/microwave 3 nm and 16 nm

Tetracycline

Inner ﬁlter effect

One-pot solvothermal
carbonization
Direct carbonization
in oil bath

2.4 nm

Chlortetracycline Aggregation induced emission

3.5 nm 4.7%

Tetracycline

Inner ﬁlter effect

0.3 mM

[45]

e

[49]

Citric acid and ethylene
diamine/citric acid
and urea
p-phenylenediamine and Nitrogen-rich CQD
acetic acid
Europium nitrate
Europium-doped CQD
hexahydrate and
citric acid monohydrate
Durian shell waste
Nitrogen-doped CQD
Dried beet powder

e

One-pot hydrothermal
process
Hydrothermal method

Crab shell waste

Nitrogen-rich CQD

Thermal cracking

3.30 nmol L1 [44]

6.5 nm 12.93%

Tetracycline

Inner ﬁlter effect

4e8 nm

Amoxicillin

10 nm 30%

Tetracycline

Interaction between CQDs and amoxicillin 0.475 mM
showing enhanced ﬂuorescence
Combination of tetracycline with the surface 5 mg L1
functional groups on CQD resulting in
ﬂuorescence quenching

[47]
[50]

JOURNAL OF FOOD AND DRUG ANALYSIS 2020;28:539e557

Citric acid and L-cysteine Sulfur- and nitrogendoped CQD
Ethylenediamine
b-cyclodextrin
functionalized
N,Zn-codoped CQD

3.5 nm
2.70 nm 23.48%

perturbation of the recombination electronehole
pair, different types of charge transfer, energy
transfer, and IFE can lead to ﬂuorescence change of
CQDs. Some pesticides could enhance the ﬂuorescence of the CQDs, while some others quench the
ﬂuorescence. For example, imidacloprid strongly
binds with CQDs through its eNO2 and eNH
functional groups resulting in the breaking of selfcomplexation of the CQDs, thereby switching the
CQDs to more isolated state, which enhances their
ﬂuorescence [51]. Thiabendazole, a benzimidazole
fungicide, is found to enhance the ﬂuorescence of
CQDs embedded in silica molecularly imprinted
polymers [56]. Whereas, pesticides like atrazine,
chlorpyrifos, lindane, and tetradifon quench the
ﬂuorescence of the CQDs, through weak hydrogen,
electrostatic or covalent bonding and substitution
reaction, resulting in ﬂuorescence quenching [51].
The report shows that the selectivity of the probe is
based on the difference in the binding afﬁnity of the
pesticides with the CQDs. Pesticides like diazinon,
amicarbazone, and glyphosate quench the ﬂuorescence of green CQDs, synthesized from cauliﬂower
juice by hydrothermal method, through FRET, with
a LOD in ng mL1 level [57]. However, the CQDs
could not distinguish when the three pesticides
coexist in one solution, and therefore, the selectivity
must be improved by modiﬁcation of speciﬁc ligands on the CQDs. Doping of CQDs with multiple
hetero atoms and ﬂavonoid moiety has been reported to enhance their photoluminescent properties as well as selectivity and alter the sensing
mechanism, toward various pesticides, such as
fenitrothion, dithianon, dinoseb, and their structural
analogs [58]. The authors demonstrate that the
emission wavelength of the CQDs can be varied by
increasing the number of types of heteroatoms (N,
S, and B), to match the absorption wavelength of the
pesticide to achieve superior IFE. Magnetic silica
beads modiﬁed with GQDs and molecularly
imprinted polypyrrole have been reported to have
high selectivity towards tributyltin [59]. The multifunctional and magnetic properties of the nanocomposite enable the enrichment of the analyte (i.e.,
tributyltin) leading to the quenching of ﬂuorescence
of the GQDs in the composite through electron
transfer mechanism, with a LOD of 12.78 ppb.
Conversely, Deka et al. reported the detection of
pretilachlor by enhancement of ﬂuorescence of
CQDs obtained from water hyacinth [52]. The
enhancement of the ﬂuorescence upon the interaction of CQDs with pretilachlor is reported to be also
due to the electron transfer mechanism.
When the pesticide could not directly alter the
ﬂuorescence of CQDs or have poor selectivity, a
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linking agent or a chemical reaction that can quench
the ﬂuorescence of CQDs can be incorporated for
the detection of a particular pesticide. Peng et al.
used pralidoxime as a linking agent for the interaction between ﬂuorescent magnesium and nitrogen-codoped CQDs (Mg,N-CQDs) and paraoxon, in
which the pralidoxime mediates the electron transfer between the CQDs and paraoxon leading to the
quenching of ﬂuorescence [60]. The Mg,N-CQDs
allows selective detection of paraoxon down to the
nanomolar regime. As an example of using a catalysis reaction, CeO2 NPs can catalyze the decomposition of methyl-paraoxon into p-nitrophenol and
phosphates [61,62]. The as-formed p-nitrophenol
quench the ﬂuorescence of CQDs through IFE. The
approach of catalysis reaction coupled with CQDsbased IFE can selectively detect methyl-paraoxon as
low as 24.7 ng mLe1. Fluorescent CQDs-Au nanoclusters (Au NCs) nanohybrid system has been reported as a probe for the detection of carbendazim
[63]. Au NCs quenches the ﬂuorescence of the Ndoped CQDs through the FRET mechanism; however, when carbendazim is introduced, it interacts
with the Au NCs and the CQDs remain free and the
ﬂuorescence is recovered. A similar pesticideinduced aggregation of Au NPs separating the
CQDs-Au NPs pair is applied for the detection of
cartap by Yang et al. [64]. The ﬂuorescence of CQDs
prepared from ashes of waste paper can be turnedoff by Fe3þ ions which is obtained by the oxidation
of Fe2þ by H2O2 [53]. Organophosphorus pesticides
are known to inhibit the activity of acetylcholinesterase, an enzyme widely used for pesticide sensing,
which in turn inhibits the production of H2O2. The
ﬂuorescent CQDs coupled with Fe2þ and acetylcholine esterase/choline system could be employed
for the detection of chlorpyrifos as low as 3 ng/mL
[53]. In the absence of chlorpyrifos, Fe3þ quenches
the ﬂuorescence through coordination with the oxygen atoms on the CQDs, whereas in the presence
of chlorpyrifos, conversion of Fe2þ to Fe3þ is
inhibited, and thus the higher ﬂuorescence intensity
of the probe system. A similar “turn-off”/“turn-on”
approach has been reported by Sahub et al. for the
detection of organophosphate pesticide using GQDs
and acetylcholinesterase and choline oxidase system
[65]. The H2O2 produced by the acetylcholinesterase/choline oxidase system quenches the ﬂuorescence of GQDs, however, in the presence of
organophosphate pesticides, the enzymatic activity
is inhibited, and the ﬂuorescence of the GQDs is
retained. The probe allows for the detection of
dichlorvos as low as 0.172 mg/mL. Similarly, N- and
S-doped CQDs (N/S-CQDs) have been reported for
the sensitive detection of carbaryl, with a LOD of
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5 mg/mL, in which acetylcholinesterase and choline
oxidase enzymes are used for the production of
H2O2 [66]. The two-enzyme reaction product H2O2
from acetylcholine chloride then quenches the
ﬂuorescence of the N/S-CQDs. The report shows
that N/S-CQDs enable them to highly react with
H2O2 leading to excellent sensitivity.
As an alternative strategy to enzyme-assisted
H2O2-based response, Li et al. demonstrated that
organophosphorus pesticide can be detected by
monitoring the dopamine polymerization process in
the presence of acetylcholinesterase and acetylthiocholine (Fig. 2) [67]. CQDs synthesized from citric
acid and thiourea, emit red ﬂuorescence (610 nm)
(Fig. 2A). Dopamine polymerizes to form polydopamine that exhibits ﬂuorescence at 503 nm and
quenches the red ﬂuorescence of CQDs through
PET mechanism (Fig. 2B). In the presence of the
enzyme (i.e., acetylcholinesterase), the enzymatic
product (thiocholine) suppressed the polymerization process through its preferential adsorption

toward dopamine and retains the CQDs ﬂuorescence (Fig. 2C and D). However, organophosphorus
pesticides such as paraoxon can inhibit the activity
of the acetylcholinesterase, and therefore, the polymerization product quenches the ﬂuorescence of
CQDs. A radiometric measurement of the ﬂuorescence of CQDs and polydopamine in presence of
paraoxon is reported to be a reliable method for the
detection in pg mL1 level (Fig. 2E and F).
Gong et al. reported a FRET-based sensor for the
detection of an organophosphate pesticide, by a
“turn-off”/“turn-on” mechanism [68]. The schematic
of the detection strategy and the response of the
assay with paraoxon concentrations are displayed in
Fig. 3. Nitrogen-doped CQDs interact with Au NPs
through multiple AueN interaction resulting in the
quenching of ﬂuorescence through the FRET
mechanism. The ﬂuorescence quenching of CQDs is
diminished by the thiocholine-induced aggregation
of Au NPs obtained from the acetylcholinesterasemediated hydrolysis of acetylthiocholine. However,

Fig. 2. (A) Schematic representation of the synthesis of ﬂorescent CQDs. (B) Illustration of the detection strategy for organophosphorous pesticides
using CQDs/dopamine-based sensor. (C) Fluorescence spectra of CQDs/dopamine in the absence and presence of acetylcholinesterase (AChE),
acetylthiocholine (ATCh), and organophosphorus pesticides. (D) Fluorescence responses of CQDs-based probe in the presence of various concentrations of dopamine (1.0e60 mmol L1). (E) Fluorescence spectra and (F) relative ﬂuorescence intensity of CQDs/dopamine-based sensor in the
presence of various concentrations of paraoxon (0.000025e25 ng mL1). Reproduced with permission from Ref. [67].
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Fig. 3. (A) Schematic representation of the detection strategy for detection of paraoxon using nitrogen-doped CQDs (NC-dots)/Au NPs and acetylcholinesterase system assay. (B) Fluorescence specrta of the assay in presence of paraoxon at various concentrations, and (C) Plot of F/F0 against
logarithm of paraoxon concentration. F and F0 are the ﬂuorescence intensity of NC-dots in the absence and presence of paraoxon, respectively.
Reproduction with permission from Refs. [68].

in the presence of organophosphorus pesticide,
paraoxon, the enzyme activity of acetylcholinesterase is inhibited and the increased ﬂuorescence
intensity of CQDs is correlated to the concentration
of the pesticide, enabling to detect paraoxon with a
LOD of 3.6 pM. A very similar FRET mechanismbased detection strategy has been reported for the
detection of organophosphorus pesticides by
employing butyrylcholinesterase as the enzyme to
hydrolyse acetylthiocholine [69]. The probe responses linearly with the logarithm of the concertation of the pesticide, enabling a LOD of
0.05 mg L1.
As an alternative to the enzyme and to improve
selectivity, aptamers are used as biorecognition elements in sensors. Aptamers are short DNA or RNA
strands that are selected using a technique known
as SELEX (systematic evolution of ligands by exponential enrichment) have been widely employed in
many biosensors for the detection of biomarkers,
pathogens, and diagnosis of serious diseases [70‒
73]. To improve the speciﬁcity of pesticide sensors,
pesticide-speciﬁc aptamer coupled with CQDs have
been reported as a probe for the detection of acetamiprid [74]. The binding of the negatively charged
aptamer with the cationic ﬂuorescent CQDs synthesized from cetrimonium bromide (CTAB) results
in their aggregation and ﬂuorescence quenching.
The complex of aptamer/CQDs is disintegrated in
the presence of acetamiprid due to the strong acetamiprid-aptamer speciﬁc binding, leading to an

increase in the ﬂuorescence intensity of the CQDs.
The probe is reported to detect acetamiprid down to
0.3 nM.
In addition to based on the ﬂuorescence property
of the CQDs, the colorimetric assay has been utilized for the detection of an insecticide, fenitrothion,
by applying dispersive liquideliquid microextraction (DLLME) method [75]. The CQDs
extracted to the organic phase into carbon tetrachloride
which
is
assisted
by
trioctylmethylammonium chloride, is improved by
fenitrothion. Therefore, the absorbance increase of
CQDs at 365 nm in the organic phase could be used
for the determination of fenitrothion. Under the
optimized conditions, the CQDs-based DLLME
method allow selective detection of fenitrothion in
the range of 1.0e250.0 ng mL1 with a LOD of
0.2 ng mL1.
Table 2 lists the type of CQDs and the mechanism
employed for the detection of pesticides and other
drugs. In summary, the selectivity of a CQDs-based
probe for the detection of pesticides depends on
many factors, such as the surface functional groups
on the CQDs, the quenching and binding constants
of the target pesticides, and stoichiometry. The type
of binding between the target pesticide and CQDs,
and whether the interaction results in quenching or
enhancement of ﬂuorescence also depend on the
type of functional group on the pesticide. Using a
pesticide-speciﬁc linking substance that mediates
the electron transfer from the CQDs to the pesticide

REVIEW ARTICLE

548

Table 2. Type of CQDs, sensing mechanisms, and detection limits of various pesticides and medicinal drugs.
Type of CQD

Method of
preparation

Size and
quantum yield

Pesticides and
medicinal drugs

Detection mechanism

Limit of detection Ref

Gelatin

CQDs with e
NH2, eCOOH,
and eOH groups

Hydrothermal

2.1e2.3 nm, 26.9%

Imidacloprid

Analyte-induced switching
of CQDs from non-isolated
state to isolated state
Static quenching

0.013 mM
0.04 mM

[51]

Inhibition of Fe3þ-induced
ﬂuorescence quenching
(via inhibition of
acetylcholinesterase)
Electron transfer
induced ﬂuorescence
enhancement
Inhibition of
acetylcholinesterasemediated polymerization
of dopamine
Analyte-induced stripping
of surface aptamers leading
to restoring of ﬂuorescence
Inhibition of
acetylcholinesterase activity
to generate H2O2
Fluorescence quenching
via energy transfer

3 ng mL1

[53]

2.9 mM

[52]

Waste paper ash

CQDs with eOH
groups and C-S bond

Hydrothermal

2e4 nm, 20%

Atrazine,
chlorpyrifos,
lindane,
and tetradifon
Chlorpyrifos

Water hyacinth

CQDs with e
COOH,
and eOH groups
CQDs with amide, e
COOH, and
eOH groups

Hydrothermal

5.22 nm, 17.02%

Pretilachlor

Solvothermal

4e7 nm, 24.0%

Paraoxon,
parathion,
and malathion

Citric acid and thiourea

Cetrimonium bromide

Acetamiprid aptamersmodiﬁed CQDs

Hydrothermal

1e2.5 nm, 20%

Acetamiprid

Citric acid

a

GQDs with eCOOH,
and eOH groups

Hydrothermal

5 nm

Dichlorvos

Citric acid

Magnetic silica beads
modiﬁed with GQDs
and molecularly
imprinted polypyrrole
CQDs with eOH and
eCH groups
CQDs on Au
NP's surface

Pyrolysis

2.37 nm, 3.9%

Tributyltin

Chemical

<5 nm

Fenitrothion

Hydrothermal

e

Paraoxon

Sugar cane juice
Chlorophyll

Citric acid and
ethylenediamine

N-doped CQDs
self-assembled
on Au NPs

Microwave

e

Paraoxon

N-Methylethanolammonium
thioglycolate

N and S codoped CQDs

Ultrasonic
treatment

3e8 nm, 12.5%

Carbaryl

Ammoniumpersulfate,
glucose, and
ethylenediamine

N and S-codoped CQDs

Hydrothermal

2.81 nm, 21.6%

Methotrexate

Dispersive liquideliquid
microextraction (colorimetry)
Inhibition of enzymatic
activity prevents recovery
of ﬂuorescence quenched
by Au NPs through FRET
Inhibition of enzymatic
activity prevents the recovery
of ﬂuorescence quenched
by Au NPs through FRET
Inhibition of acetylcholine
esterase activity prevents
H2O2 production and thus
ﬂuorescence quenching
Fluorescence quenching
via FRET

0.025, 0.0625, and [67]
0.125 pg mL1

0.3 nM

[74]

0.778 mM

[65]

12.78 ppb

[59]

0.2 ng mL1

[75]

0.05 mg mL1

[69]

3.6 pM

[68]

5.4 ng L1

[66]

0.33 nM

[54]
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Carbon source

Citric acid and L-cysteine

5 nm, 52.7%

Methotrexate

Hydrothermal

4.8e7.2 nm

Fenitrothion,
Dithianon, dinoseb

Hydrothermal

4 nm

Citric acid and
B, Nedoped CQDs
3-aminobenzeneboronic acid

Hydrothermal

3e4 nm

Diazinon,
glyphosate,
amicarbazone
Methyl-paraoxon

Citric acid and NH4OH

Hydrothermal

4.5 nm

Carbendazim

Hydrothermal

3.37 nm, 29%

Cartap

Paraoxon

CQDs with eOH and
eCOOH groups

N-doped CQDs

Phenol and Ethylene diamine CQDs with CeN bonding

Alginic acid and Mg(OH)2

Mg and N co-doped CQDS Microwave

3.5 nm, 33%

Sodium citrate and thiourea

N and S co-doped CQDs

1.28e3.95 nm, 26.9% Curcumin

Hydrothermal

Ethylenediamine, H3PO4, and P, N, B-co-doped CQDs
Hydrothermal
4-aminophenylboronic acid
3,4-Dihydroxy-L-phenylalaine levoCQDs with eNH2, eOH Microwave
andeCOOH, groups

5.74 nm, 21.95%

Curcumin

2.34 nm, 6.38%

i) Cu2þ ii) Biothiols
iii) Curcumin

Dextrose and HCl

Amorphous CQDs

4e18 nm, 40%

2,4,6-trinitrophenol

Glacial acetic acid and P2O5

Cross linked hollow
ﬂuorescent CQDs

Ultrasonic
treatment
Self-heating
autocatalysis

100 nm

Dihydralazine

L-arginine

N-containing CQDs

Hydrothermal

4.4 nm, 16%

Chitosan hydrogel

CQDs functionalized
with NaF
3,5-dinitro benzoyl
chloride-conjugated CQDs
Au@CQD

Microwave

<5 nm

Zein biopolymer
Ascorbic acid and kollicoat

Rosemary leaves

Microwave

7 nm

Hydrothermal

5 nm, 28%

Fluorescence quenching

Inner ﬁlter effect of P-nitrophenol
obtained by CeO2 catalyzed
decomposition of methyl-paraoxon
Recovery of ﬂuorescence
of CQDs quenched by
Au NCs via FRET
Recovery of ﬂuorescence
of CQDs quenched by Au
NPs via inner ﬁlter effect
Fluorescence quenching of
CQDs via electron transfer
by paraoxon via pralidoximemediated complexation
Inner ﬁlter effect induced
ﬂuorescence quenching
Inner ﬁlter effect induced
ﬂuorescence quenching
i) Static quenching ii)
Recovery of ﬂuorescence
of levoCQDs-Cu2þ by
biothiols iii) inner ﬁlter effect
Energy and/or electron transfer

Electron-transfer annihilation
and chemiluminescence
resonance energy transfer
4-chloroethcathinone Fluorescence quenching by
electron transfer process
Retinoic acid
Charge transfer induced
diminishing of ﬂuorescence
Sumatriptan
Analyte induced
ﬂuorescence quenching
6-Thioguanine
Recovery of the ﬂuorescence of
the CQDs via analyte-induced
aggregation of Au NPs
Thiabendazole
Enhanced ﬂuorescence of the
CQDs by thiabendazole by altering
non-radiative recombination

12 ng mL1

[55]

0.36 nM
0.28 nM
0.66 nM

[58]

0.25 2 ng mL1
0.5 2 ng mL1
2 ng mL1
24.7 ng mL1

[57]

0.83 mM

[63]

3.8 nM

[64]

0.87 nM

[60]

0.04 mM

[83]

68 nM

[84]

i) 0.4 mM ii) 0.92
e3.17 mM iii)
0.60 mM

[82]

0.2 mM

[76]

30 nM

[81]

0.14 mM

[77]

e

[79]

0.32 nM

[78]

0.01 mM

[80]

8 ng mL1

[56]

[61]
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a

CQDs modiﬁed with
molecularly imprinted
polymers

Direct pyrolysis 4e9 nm, 26%

Inner ﬁlter effect induced
ﬂuorescence quenching
Inner ﬁlter effect
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Hydrothermal

Flavonoid extract,
ethylenediamine,
thiosemicarbazide
3-boronobenzothioamide
Cauliﬂower juice

N and S codoped CQDs
N, S, B, and ﬂavanoid
moiety co-doped CQDs

Graphene quantum dots.
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Fig. 4. (A) Schematic representation of synthesis of N,S co-doped CQDs for the detection of methotrexate. (B) Cyclic voltammogram of N,S co-doped
CQDs in potassium hydrogen phthalate buffer solution (pH 4) (C) Schematic illustration of HOMO and LUMO energy levels of N,S co-doped CQDs
and methotrexate. Reproduced with permission from Ref. [55].

Fig. 5. (A) Schematic representation of CQD-based paper assay for the detection of 4-cholorethcathinone. (B) The selectivity of CQD-based paper
assay illuminated with a hand-held UV-lamp. (C) Quantitation of 4-chloroethcathinone at the concentrations ranging from 0.5 to 25.0 mM by CQDbased paper assay. Reproduced with permission from Ref. [77].
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Fig. 6. (A) Schematic illustration of CRET-based sensing mechanism. (B) CL and (C) ﬂuorescence spectra of (a) KMnO4eHSOe
3 -HCNs and (b)
KMnO4eHSOe
3 -HCNs-dihydralazine systems. Reproduced with permission from Refs. [81].

can enhance the selectivity of the CQDs-based
probe. By monitoring the inhibition of enzyme activity by a pesticide, in which one of the products
(for example, H2O2) inﬂuences the ﬂuorescence
properties of the CQDs, can be used as a strategy for
the detection of pesticides. CQDs modiﬁed with
molecularly imprinted polymers with pesticidespeciﬁc properties are found to be effective in
improving the selectivity of the CQDs toward pesticides. Similar to the detection of many biomarkers
and pathogens, pesticide-speciﬁc aptamers can be
designed for developing CQD-based pesticide sensors, however, this method is least explored and
need further research. The speciﬁc chemical reaction between CQDs and some molecules leading to
quenching of ﬂuorescence and then ﬂuorescence
turn-on upon interaction by pesticide can be a
useful approach. Ratiometric sensing using of two
ﬂuorophores with two different emissions have
been constructed to be a reliable method for pesticide sensing. In general, this review suggests that
pesticides with very similar chemical structures can
tamper the results of CQD-based sensors. Developing pesticide-speciﬁc aptamers and antibodies

are a viable option to overcome the selectivity
issues.

4. Detection of other medicinal drugs and
important molecules
In addition to antibiotics and pesticides, ﬂuorometric detection of a handful of medicinal drugs and
other important molecules by CQD-based probes
have been reported. The response mechanisms are
found to be similar to the above-mentioned ones,
such as FRET, PET, and IFE. N and S-codoped
CQDs, obtained from ammonium persulfate,
glucose, and ethylenediamine, with blue ﬂuorescence emission and quantum yield of 21.6% has
been reported to suffer signiﬁcant ﬂuorescence
quenching by the interaction of methotrexate
through FRET mechanism, enabling its detection as
low as 0.33 nM [54]. The selectivity and signal
response of the probe is reported to be due to the
strong hydrogen bonding between the CQDs and
methotrexate leading to FRET. Zhao et al. reported
similar N and S-codoped CQDs prepared from citric
acid and L-cysteine as a probe for the detection of
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Scheme 1. CQDs-based FRET, IFE, PET, and CRET detection.

the same drug, methotrexate by ﬂuorescence
quenching, however, the response mechanism is
reported to be IFE (Fig. 4) [55]. The speciﬁc interactions are through the hydrogen bonding between various surface functional groups of the N,S
co-doped CQDs and methotrexate and pep stacking between aromatic heterocyclic carbon core of
the CQDs and pteridine ring or phenyl group of
methotrexate (Fig. 4A). The energy levels of the
LUMO and the HOMO of the CQDs are measured
by cyclic voltammogram (Fig. 4B). Photoexcited
electrons in the CQDs are not energetically allowed
to transfer to the LUMO of methotrexate, thereby
the authors excluded the PET between CQDs and
methotrexate (Fig. 4C). The FRET mechanism also is
excluded because of strong electrostatic repulsion
between the CQDs (zeta potential~20 mV) and
positively charged methotrexate ( pKa 4.5e5.8) in
potassium hydrogen phthalate (pH 4) buffer solution. Therefore, the authors suggest IFE is the major
mechanism responsible for the ﬂuorescence
quenching of CQDs by methotrexate.
Amorphous ﬂuorescent CQDs prepared from
dextrose and HCl by simple ultrasonication have
been reported to be efﬁcient for the detection of
2,4,6-trinitrophenol [76]. The report claims that the
probe can be used to detect trinitrophenol with the
naked eye in the range of 0.5e200 mM, with a LOD
of 0.2 mM. The response mechanism of the CQDs
upon interaction with 2,4,6-trinitrophenol has been
suggested to be by FRET, charge transfer, and IFE.

However, other nitro compounds also can quench
the ﬂuorescence with different rates. And therefore,
a detailed study on the interaction of nitro-compounds with CQDs and quenching mechanism is
needed.
CQD-based ﬂuorescence assays are not only
useful for liquid state assays but also for paperbased assays. Yen et al. prepared ﬂuorescent CQDs
from L-arginine by a hydrothermal method and
showed that the CQDs experience signiﬁcant ﬂuorescence quenching upon interaction with p-conjugated keto compounds through the electron
transfer process, enabling their sensing (Fig. 5A)
[77]. Coating of the CQDs on a paper enables the
selective detection of compounds, such as 4-chloroethcathinone and its analogous with the naked eye
with a portable UV-lamp (Fig. 5B). The ﬂuorescence
intensity of CQDs on paper is decreased upon
increasing
the
concentration
of
4-chloroethcathinone with a linear range from 0.5 to
10.0 mM.
The sensitivity of a CQD based probe can be
improved by functionalizing with a suitable molecule
that possesses a higher afﬁnity toward the analyte. For
example, CQDs synthesized from zein biopolymer
and conjugated with 3,5-dinitro benzoyl chloride
(DNB) have been used for the detection of sumatriptan [78]. Sumatriptan quenches the ﬂuorescence of
DNB-CDs more effectively than unmodiﬁed CDs,
leading to improved sensitivity and selectivity. The
mechanism of ﬂuorescence quenching is reported to

Scheme 2. Enzyme incorporated into the CQDs-based sensors.

be through the interaction of nitro-group of DNB and
amino-group of sumatriptan through hydrogen
bonding. Surface modiﬁcation of ﬂuorescent CQDs
can also enhance their ﬂuorescence properties which
will increase the sensitivity along with the selectivity.
Majumdar et al. developed a selective probe for the
detection of retinoic acid by CQDs synthesized from
chitosan and conjugated with ﬂuoride ions [79]. The
addition of ﬂuoride ions to the CQDs causes electron
transfer from the CQDs to the ﬂuoride due to the
inductive effect of ﬂuoride, resulting in boosting the
ﬂuorescence of CQDs. When retinoic acid is added to
the ﬂuoride/CQDs system, charge transfer from retinoic acid to ﬂuoride takes place and thus the charge
transfer from CQDs to ﬂuoride is disrupted, leading to
diminished ﬂuorescence. The authors noted that
ﬂuoride enhances sensitivity as well as selectivity of
the CQDs for the detection of retinoic acid, due to the
speciﬁc inductive effect of ﬂuoride ions.
In addition to utilizing the direct interaction of the
drugs or other molecules with the CQDs or functionalized CQDs, “turn-off”/“turn-on” strategy
using a common molecule or metal species that can
react with both CQDs and analyte competitively
may be employed for the detection of drugs.
Conjugating gold atoms to CQDs can be an efﬁcient
method for turn-off/turn-on ﬂuorescence mechanism for the detection of analyte that can be reacted
with gold atoms, especially thiol drugs [80]. CQDs
synthesized from ascorbic acid and Kollicoat-IR
(polyvinyl alcohol/polyethylene glycol graft copolymer), and in situ formation of Au core with CQDs
shell by a one-step microwave-assisted method has
been reported to be applied for the sensing of 6thioguanine (6-TG). The formation of Au core decreases the ﬂuorescence of CQDs by approximately
96% through the energy transfer mechanism.
However, 6-TG forms complex with Au through
strong AueS bonding resulting in the release of the
CQDs, thereby, boosting the ﬂuorescence.
In addition to utilizing the ﬂuorescence properties
of CQDs for the detection of various drugs, the
ability of the hollow ﬂuorescent carbon nanodots
(HCNs) to interact with chemiluminescence (CL)
systems also has been reported as a transduction
mechanism for the sensing of dihydralazine, as
illustrated in Fig. 6 [81]. Han et al. synthesized
HCNs by the exothermic reaction of glacial acetic
acid and P2O5 and reported that they can enhance
CL of KMnO4eHSOe
system (Fig. 6A). The
3
KMnO4eHSOe
system
produces
weak CL through
3
the formation of free radicals and excited species
1
such as _OH, _Oe
2 , ( O2)2*, and SO2*. HCNs interact
with all of these species and the excited form of
HCNs are produced (HCNs*) through electron-
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transfer annihilation and CL resonance energy
transfer (CRET), which has enhanced ﬂuorescence
properties. However, in the presence of dihydralazine, a competitive consumption of O
2 by
KMnO4eHSOe
3 system leads to diminish ﬂuorescence (Fig. 6C), enabling an efﬁcient sensing system
with a LOD of 30 nM. The report claims the probe
can detect dihydralazine in pharmaceutical preparations, human urine, and plasma samples [81].
If different analytes can interact with one type of
CQD and quench the ﬂuorescence through different
mechanisms, then the CQD can be used as a
multifunction probe for the detection of those analytes. For example, ﬂuorescent CQDs synthesized
from 3,4-dihydroxy-L-phenylalaine (LevoCQDs)
have been used as a multifunctional probe for the
detection of copper ion, biothiols, and curcumin
[82]. The report shows that Cu2þ ions signiﬁcantly
quench the ﬂuorescence, through complexation
with LevoCQDs, in a wide range of concentrations
from 4 to 60 mM with a LOD of 0.4 mM. In addition,
biothiols such as glutathione, cysteine, and homocysteine dissociate the Cu2þ-levoCQDs complex
through a competitive complexation, resulting in the
recovery of the ﬂuorescence. Therefore, the Cu2þlevoCQDs complex can be used as a probe for the
detection of biothiols. In addition, the ﬂuorescence
of levoCQDs can be quenched by curcumin via IFE
due to the overlap of its excitation spectrum with the
absorption of curcumin. Furthermore, the levoCQDs can also track the formation of Cu2þ-curcumin complexes. The ﬂuorescence of levoCQDs in
curcumin solution was increased upon adding Cu2þ
as a result of the formation of Cu2þ-curcumin
complexes. The authors claimed this study can
exploit the formation mechanism of Cu2þ-curcumin
complexes in the treatment of Alzheimer's disease.
Han et al. also reported that curcumin can quench
the ﬂuorescence of N,S-codoped CQDs synthesized
from sodium citrate and thiourea, through IFE that
allows for curcumin sensing in the range of
0.15e18.0 mM [83]. In addition to the sensing of
curcumin, the CQDs has been reported to exhibit a
temperature-dependent ﬂuorescence with an inverse relationship in the range of 5e70  C. However,
the mechanism behind temperature-dependent
ﬂuorescence properties of the CQDs is yet to be
identiﬁed. Wu et al. reported a similar behavior of P,
N and B-co-doped CQDs synthesized from ethylenediamine, H3PO4, and 4-aminophenylboronic
acid as a probe for the detection of curcumin
through IFE induced quenching, and also as a
temperature sensor [84]. The authors suggest that
the temperature-dependent ﬂuorescence behavior
of the CQDs could be due to the increased
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probability of collision among particles causing aggregation at higher temperatures.
In summary, many medicinal and recreational
drugs of abuse can be detected using ﬂuorescent
CQD-based assays. The selectivity of the assay
mainly depends on the physical interaction between
CQDs and the drugs. The selectivity can thus be
improved by tuning the surface functional groups of
the CQDs to speciﬁcally interact with the drugs,
which results in quenching of ﬂuorescence through
various mechanisms (Table 2). In addition, certain
CQDs exhibit different interaction with different
drugs at different pH, which can be utilized as a
strategy for the detection of multiple drugs with the
same assay. Interaction of the ﬂuorescent CQDs
with chemiluminescence systems resulting in
enhancement of ﬂuorescence properties can also be
used as a mechanism for the detection of drugs.
However, CQDs still suffer from selectivity issues,
and the potential of CQDs for the detection of drugs
has not been well utilized, and further studies are
needed for improving selectivity.

5. Future prospective
The recent development in CQDs-based sensing
reveals their high possibility for widespread application in the future. Despite the advantages the
CQDs-based sensing brings, they are rarely applied
for sensing of antibiotics, pesticide, or other drugs in
real-time analysis. The detection is mainly performed by more traditional methods such as HPLC,
GCeMS, and LC-MS. The two major issues that
CQDs-based sensors suffer from are selectivity and
sensitivity. The lack of a robust recognition element
on CQDs limits their selective target to the analyte
in real samples. Therefore, future work must highly
focus on developing CQDs with speciﬁc interaction
with a particular analyte. The functionalization of
CQDs with a well-produced antibody is an alternative approach to improve selectivity. However, it
is difﬁcult to raise an excellent antibody for drugs or
pesticides since many of them are small molecules,
and pesticides or drugs with similar structures will
have similar afﬁnities toward CQDs. The main
advantage of coreeshell and optical properties of
CQDs lies in their diverse and varying preparation
methods, conditions, and precursors, which allow
researchers to easily tune the properties of the
CQDs for recognizing certain analytes. The mixture
of multiple precursors having high afﬁnity toward
target molecules for the preparation of CQDs and
well control in the polymerization and carbonization
in the preparation for high preservation of the

structure of precursors will endow the obtained
CQDs possess high speciﬁcity to analytes.
CQDs are not individual molecules or deﬁnite
supramolecular structures, and are mostly
composed of complex mixtures of ﬂuorescent carbon-based nanoparticles with differing sizes,
shapes, and surface functional groups. It is impossible to synthesis CQDs with precise structure with
the mainstream methods, such as microwaveassisted process, dry heating, hydrothermal, and
solvothermal methods. While CQDs with strictly
deﬁned structure can produce extremely sharp
ﬂuorescence peaks, most CQD mixtures have broad
ﬂuorescence peaks which limit their multiplex applications. Much progress and great effort had been
made in the understanding of the ﬂuorescent centers and electrochemical properties of CQDs; however, the precise structural detail of the centers in
question remains to be solved. In addition, interference from background substances in complex
samples such as soil, milk, blood, urine, and sewer
water can also tamper the detection results. This
complexity prevents CQDs from having great
selectivity towards a particular analyte. The lack of
understanding of the precise structure of CQDs also
plagued the sensing development of CQDs. The
CQDs in different separating fractions after column
separation is expected to possess different speciﬁcity and afﬁnity toward targeted analytes. Therefore, the optimal fractionated CQDs to perfectly
target the analyte probably can be obtained.
For CQDs to see an increase in application, the
fundamental study on the precise nature of CQDs
and how to ﬁne-tune their properties are greatly
required. Careful structural analysis should substantially improve the ﬂuorescent and electrochemical properties allowing for improved
selectivity adequate for the on-ﬁeld application. The
improved structural understanding and synthesis
methods can also improve the speciﬁcity of the
CQDs-analyte interaction. However, for the sample
with complex background or analytes with similar
structures, pretreatment methods or additional reactions may need to be employed for puriﬁcation,
isolation and/or derivation of analytes to improve
speciﬁcity and reduce interferences.

6. Conclusions
CQDs offer several advantages including high
surface area, excellent solubility, superior ﬂuorescent intensity, high resistance to photobleaching,
ease tune of core and surface properties, and a variety of intermolecular interaction possible with the
target analyte. This allows for a variety of detection

strategies based on electrochemical, chemiluminescent or ﬂuorescent detection and is a faster
alternative compared to a traditional gold standard
form of detection such as HPLC. While CQDs offers
an excellent alternative and promising prospects,
several issues still remain to detect antibiotics and
pesticides. The current CQDs-based detection
approach suffers from poor speciﬁcity with the
target analyte. This issue can be solved with an
additional puriﬁcation step or modiﬁcation with
antibodies or aptamers. However, this highlights the
problem that researches on the precise structure of
CQDs is lacking and more precise synthesis and
control over the structures of the CQDs are
required. For CQDs to progress further and become
a staple in drug analysis and biosensing, more indepth research and analysis of CQDs structure and
how to synthesize different CQDs and customization of surface functional groups CQDs are
highly demanded.
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